A large anomalous Hall effect (AHE) has been observed in ferromagnetic Fe3Sn2 with breathing kagome bilayers. To understand the underlying mechanism for this, we investigate the electronic structure of Fe3Sn2 by angle-resolved photoemission spectroscopy (ARPES). In particular, we use both of vacuum ultraviolet and soft X-ray, which allow surface-and bulk-sensitive measurements respectively, and distinguish bulk states from surface contributions unrelated to the AHE. In contrast to surface-sensitive ARPES with vacuum ultraviolet light, our bulk-sensitive ARPES with soft X-ray reveals three-dimensional band dispersions with a periodicity of the rhombohedral unit cell in the bulk. Our data show a good consistency with a theoretical prediction based on density functional theory, suggesting a possibility that Fe3Sn2 is a magnetic Weyl semimetal. arXiv:2001.08925v1 [cond-mat.mtrl-sci] 
The translational symmetry of a crystal allows its eigenstates to be classified by Bloch wave vectors in a reciprocal space [1] , and the Berry curvature [2] defined there could cause several anomalous physical behaviors. Under broken time-reversal symmetry, the integration of the Berry curvature over the occupied states leads to the strength of an intrinsic anomalous Hall effect (AHE). Moreover, in a two-dimensional system, the integration over the Brillouin zone (BZ) is quantized to an integer [3] , which is called the Chern number and has attracted growing interests as a topological invariant [4] . A state of non-zero Chern number is realized in graphene with gapped Dirac fermionic states [5] . An extension of these two-dimensional states to a three-dimensional crystal is a Weyl semimetal [6] , which has been intensively studied theoretically [7] [8] [9] [10] and experimentally [11] [12] [13] [14] [15] [16] .
The Dirac fermionic states of graphene with the honeycomb lattice [17] is known as a test case to describe topological phenomena. Another possible system hosting Dirac fermionic states [18] has been proposed in the ideal kagome lattice [ Fig. 1(a) ] with two dimensions. From this perspective, ferromagnetic Fe 3 Sn 2 with the kagome lattice has been interesting recently in condensed matter physics. While this compound is, in fact, composed of the breathing kagome lattice [ Fig. 1(b) ], formed by upward and downward triangles with different sizes, it exhibits various attractive characteristics, such as a large AHE [19, 20] , a topological Hall effect [21] , large tunability of magnetization [22] , gapped (massive) Dirac states [20] , and flat-bands near the Fermi energy [23] . Fe 3 Sn 2 has been, therefore, expected to provide a new platform to study topological physics in the kagome network with broken time-reversal symmetry.
Previously, two-dimensional Dirac fermionic states of Fe 3 Sn 2 have been proposed as the origin of the AHE [20] , assuming that only spin-orbit coupling (SOC) con-tributes to band gaps. However, our analysis demonstrates that the gap between the Dirac states can be opened not only by SOC but also by the breathing effect [24] , and very importantly, the resulting Berry curvature should have different characteristics depending on the origins of the gaps [Note 1 and 2 [25] ]. As claimed in Ref. [20] , two degeneracies in a bilayer is obtained at the K points by our analysis without SOC, based on group theory [26] [27] [28] . Nevertheless, this result does not necessarily mean that the breathing effect [ Fig. S4 
We also point out that ARPES with vacuum ultraviolet (VUV) could become a surface-sensitive measurement because of the short mean free path of the photoelectrons excited [29] . The shortcoming in VUV-ARPES could be solved by using soft X-ray (SX) as a photon source; the mean free path becomes relatively long, making SX-ARPES more suited to study bulk properties of a crystal [30] . In this Letter, we utilize both surfacesensitive VUV-ARPES and bulk-sensitive SX-ARPES to distinguish the bulk and surface electronic structures of Fe 3 Sn 2 . In contrast to VUV-ARPES, our SX-ARPES experiments reveal three-dimensional band dispersions, moderately consistent with those of Kohn-Sham orbitals in density functional theory (DFT) [31] . This coincidence suggests that the presence of Weyl semimetallic states could be the origin of the AHE.
Fe 3 Sn 2 crystals were grown by chemical vapor transport. VUV-ARPES measurements were performed at i05 ARPES beamline of Diamond Light Source [32] . The photon energies used were ranged from 50 eV to 120 eV, and the overall energy resolution was less than 20 meV. SX-ARPES measurements were performed at BL25SU of SPring-8 [33] . The photon energies used were ranged from 380 eV to 620 eV, and the overall energy resolution was less than 60 meV. In both experiments, the (a) samples were cleaved in situ along the (001) plane at an ultra-high vacuum of ∼ 3 × 10 −8 Pa, and the temperature for measurements were set at about 60 K. In our DFT calculations without SOC, we used Quantum ESPRESSO code [34, 35] and ultrasoft pseudopotentials [36, 37] . Atomic positions were optimized using a 16 × 16 × 16 k-mesh, and then self-consistent calculations were performed with a 32 × 32 × 32 k-mesh. The primitive unit cell was fixed to the experimentally determined size during the calculations.
The reciprocal space associated with the crystal structure needs to be carefully taken into account to understand the ARPES signature. Fe 3 Sn 2 is composed of a Fe-Sn kagome bilayer and a Sn honeycomb lattice stacked along the z-direction [ Fig. 1(c) ]. While the conventional unit cell is shaped by the quadrangular prism [gray lines in Fig. 1(c) ], a smaller rhombohedral primitive unit cell is also defined (black lines). Here we consider the periodicity in the reciprocal space for the primitive unit cell, which should be observed for the bulk bands by ARPES. For ease of understanding, we use a hexagonal column [black lines in Fig. 1(d) ] as a unit cell of the reciprocal space, instead of the BZ (gray lines). The hexagonal columns are simply stacked along the k z direction, whereas the ones touched on the side surfaces are shifted by 2π/c from each other [ Fig. 1(e) ]. The colored hexagonal frames in Fig. 1 (e) can be neglected in a two-dimensional electronic structure (or surface states), which thus expects a small hexagonal periodicity presented in Fig. 1(f) . In contrast, the colored frame should be taken into account for a three-dimensional electronic structure (or bulk states), leading to a longer periodicity [ Fig. 1(g) ]. The rhombohedral unit cell, there-fore, enables us to distinguish between two-and threedimensional electronic structures not only from k z dispersion but also from in-plane periodicity.
Here we provide a theoretical consideration of the electronic states allowed by the crystal property of Fe 3 Sn 2 [see Notes 1-3 [25] for details]. Assuming twodimensionality, the nearest-neighbor tight-binding model for the breathing kagome lattice presents cone-shaped dispersions centered at theK points, which become gapped even without SOC [Ref. [24] and Fig. S1(c) ]. The band gap opened either by the breathing effect or SOC [Refs. [20, 24] , and Fig. S1 (b)] can generally be understood by group theory [Note 1 [25] ]. Significantly, the Berry curvature generated by the breathing This argument for the two-dimensional case can be extended to that for the three-dimensional case, in which the group theoretical analysis similarly confirms that electronic states have two degeneracies in a bilayer at the K points without SOC [Note 3 [25] ]. Importantly, this result, however, does not necessarily mean that massless Dirac fermionic states must be generated [ Fig. S4(b) ]. Moreover, these arguments based on the conventional unit cell are not straightforward for the understanding of the physical properties of Fe 3 Sn 2 such as ARPES spectra, because they have a periodicity corresponding to the primitive unit cell. Hereafter, we investigate the electronic structure observed by ARPES and discuss it based on the rhombohedral primitive unit cell beyond the twodimensional kagome plane. Figure 2 (a) plots the Fermi surface map along k x -k y obtained by VUV-ARPES. The periodicity of ARPES intensities is found to be short, agreeing with that for surface states; while some traces of bulk states are partially obtained at particular binding energies [Note 4 [25] ], these are not significant. The feature of surface states is more clearly identified in Fig. 2(b) , which extracts the momentum distribution curve (MDC) across theΓ point [a red line in Fig. 2(a) ]. Along the momentum cut, spectral peaks corresponding to k F positions periodically appear, as confirmed in a good matching between the original MDC and that shifted by one period (the distance between adjacentΓ points). In sharp contrast, the Fermi surface map by SX-ARPES [the left panel of Fig. 2(c) ] exhibits a much longer periodicity corresponding to bulk states: The hexagonal pocket centered at thē Γ 1 point is different from the small circular pockets at theΓ 2 points. These features become much clearer at slightly higher binding energy (E F − 0.2 eV), as demonstrated in the right panel of Fig. 2(c) . The MDCs across Γ [green lines in Fig. 2 (c)] also confirms that SX-ARPES intensities lack signatures with the two-dimensional pe- Fig. 3(b) ]. In Fig. 3(d) , we extract the energy-momentum map along k z , which indeed confirms the periodic oscillation expected for the bulk states by tracking a spectral peak position (filled circles) for each energy distribution curve [ Fig. 3 
To further understand the bulk band structure in Fe 3 Sn 2 , here we compare the ARPES results by SX-ARPES with the dispersions of Kohn-Sham orbitals in DFT along the momentum cuts represented in Fig. 4(a) . The Γ point in the three-dimensional BZ can be accessed at hν = 580 eV in the SX-ARPES measurements. Previously, two-dimensional massive Dirac fermionic states have been observed by VUV-ARPES [20] , and indeed our VUV-ARPES measurements reproduce the same results around theK point [ Fig. 4(d) ]. While the unique structures have been assumed to originate from bilayer stacking with weak interlayer coupling, these features are not obtained in DFT band dispersions [ Fig.  4(f) ], no matter what k z value is selected [Note 5 [25] ]. At most, only one pair of cones is obtained in the DFT calculations, and such a signature is also confirmed in our bulk sensitive SX-ARPES data [dashed curve in Fig.  4(e) ]. The fact that two Dirac states with negligible k z dispersions are observed only by VUV-ARPES [ Fig. 4(d) ] leads us to conclude that these dispersions at least partially have contribution from the surface states unlikely related to the AHE. In other words, the large AHE of Fe 3 Sn 2 has contribution not only from the cone-shaped dispersions around the K points but also from whole valence states with the non-zero Berry curvatures.
In conclusion, we combined two experimental techniques of surface-sensitive VUV-ARPES and bulk-sensitive SX-ARPES, and separately observed twodimensional states on the surface and three-dimensional states in the bulk of the kagome bilayer crystal Fe 3 Sn 2 . The rhombohedral primitive unit cell enables the separation of two-and three-dimensional states by observing the periodicity of ARPES intensities on a plane parallel to the k x -k y plane as well as the k z dispersion. We reveal that the massive Dirac fermionic states, which have been suggested to be the origin of the AHE, at least partially have contribution from the surface states. In addition, we argue the requirement to consider the breathing effect on the degeneration property and the Berry curvature [Notes 1-3 [25] ] in the physics of the kagome lattice. One possible explanation of the AHE in the three-dimensional electronic structure is that Fe 3 Sn 2 is a magnetic Weyl semimetal, where the Berry curvatures over all valence states determine the strength of the AHE. A good agreement between bulk states observed by SX-ARPES and band dispersions obtained by DFT calculations supports this perspective.
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Note 1. Tight-binding model and group theoretical analysis of the kagome lattice
In this Note, we discuss the effects of the breathing and spin-orbit coupling (SOC) on the kagome lattice. First, we calculate the band dispersions of the kagome lattice using the tight-binding model in Ref. [24] . After the Fourier transformation of eq. (4) in Ref. [24] , we obtain the following 6 × 6 matrix Hamiltonian:
where the vectors a j and the hopping operatorst j andt j are defined in the reference (j = 1, 2, 3). We introduce new parameters β = δ/t 0 and t total = t 2 0 + λ 2 0,i + λ 2 0,R to simplify the equations, then the hopping operatorst j andt j can be represented as follows:
β and φ correspond to the strengths of the breathing and SOC, respectively. The band dispersions of several types of kagome lattices are summarized in Fig. S1 . The SOC angle parameter α is π/2 (intrinsic SOC) in the whole cases.
Tables SI and SII show how the degenerations appear and disappear at highly symmetric Γ, K, and M points in the kagome lattice. In the following argument based on Refs. [17, [26] [27] [28] , we consider two-dimensional point groups. In two dimensions, the ideal kagome lattice 
has 6-fold rotational symmetry and six mirror planes (6mm) and the breathing lattice has 3-fold rotational symmetry and three mirror planes (3m). Figures S1(a) and (c) correspond to the spin neglected cases (three eigenstates) and S1(b) and (d) correspond to the spin included cases (six eigenstates). We note that in Fig. S1 (b) double degenerations occur anywhere nonetheless with the inclusion of SOC.
We use, as basis functions, wave functions centered at each atom in the kagome unit cell.
In sentations cause degenerations in these situations. The K points in the breathing kagome lattice do not satisfy the above two conditions, and therefore the degeneration does not occur. With these considerations, the appearance and disappearance of the degenerations represented in Fig. S1 can be explained.
Note 2. Berry curvature of the TRS-breaking kagome lattice
To calculate the Berry curvature, we now break the TRS by some external magnetic field.
As a result, only one direction of spin (up spin is used here) is considered. We compose the We obtain degeneration properties of the breathing kagome bilayer based on group theory.
In this Note, we neglect the spin and SOC and calculate the representations with six basis functions of the bilayer lattice, similarly to the previous research about ferromagnetic kagome bilayer [20] .
First, we use the primitive rhombohedral unit cell in the real space and the hexagonal column unit cell in the reciprocal space, which corresponds to the periodicity of ARPES spectra. Because of the unusual stacking of the hexagonal column unit cells discussed in the main text, all K points are treated as different (but equivalent) points [ Fig. S3 ]. For example, 4π
are the same points labeled by K 1 . Therefore, the K points are not invariant under 3-fold rotations. In the space group R3m, only a 2-fold rotational operation along an axis on the k x k y plane keeps the K points invariant [ Fig. S3 ], then the representation is reduced to 3A + 3B (no degeneration). If we use the conventional unit cell, the reciprocal unit cell is folded to a hexagonal column with a height of 2π/c. The three-dimensional space group of a high-symmetry point includes the two-dimensional space group, so we can extend two-dimensional irreducible representations [Table SII ] to three-dimensional ones. Table SIII shows degeneration properties at the Γ, K, and M points. Actually two degenerations occur at the K points, but if we assume weak interlayer interaction, the degenerated bands will be parabolic [ Fig. S4(b) ]. Therefore, these degenerations do not necessarily mean the vanishment of the breathing effect.
Note 4. Sample growth and X-ray diffraction
The samples were grown by chemical vapor transport. Figure S5 
